Plant development is a biphasic process. Pattern formation during embryogenesis generates a basic body organisation, including selfmaintaining stem-cell systems called meristems at opposite ends of the main axis of polarity. During post-embryonic development, the meristems produce new organs with reference to the existing body, transforming the juvenile seedling into the species-specific adult plant. Studies in Arabidopsis indicate that patterning in plants involves not only cell surface interactions but also unique modes of communication such as movement of transcription factors between cells and directional transport of the signaling molecule auxin. q
Introduction
Higher plants and animals establish their multicellular organisation from a reproductive single-cell stage, the zygote. Both classes of organisms face the same problem of pattern formation, the segregation of cell fates, in the growing cell population of the developing embryo. However, the means to accomplish this task are very different, reflecting the divergent evolutionary history of plants and animals from single-celled ancestors. Molecular mechanisms of animal development have been worked out fairly fast because of available concepts and insights from prior experimental and genetic analyses in model systems, such as Drosophila, Caenorhabditis or Xenopus. By contrast, comparatively little support from experimental and genetic studies was available to guide molecular analysis of plant development until recently. With the advent of Arabidopsis as a genetically tractable model whose genome has been sequenced, tremendous progress has been achieved in the analysis of plant development within a short space of time (The Arabidopsis Genome Initiative, 2000) .
This review focuses on specific examples of developmental processes that have been analysed in Arabidopsis. To set the stage, the first two sections summarise developmentally relevant features of plant cells and give an outline of plant development. Section 4 addresses the problem of pattern formation during embryogenesis which includes the establishment of stem-cell systems called meristems. Post-embryonic development relies on the activities of meristems, and how they work is discussed next. This is followed by a section on cell fate choice in the epidermis.
Cellular boundary conditions of plant development
Plant cells are unique variants of eukaryotic cells adapted to a sessile life style. Being encased in a cell wall and thus glued to their immediate neighbours, plant cells can not actively move away from their birth place. However, nonadjacent cells can be moved apart passively by oriented cell divisions that occur between them. In a sense, temporally and spatially organised cell proliferation brings about shape changes of the developing plant embryo and is the green counterpart to the cell movements in gastrulating animal embryos.
Cytokinesis partitions the cytoplasm of the dividing cell such that the two daughter cells can become exposed to different intrinsic or extrinsic cues, resulting in different cell fates. For unknown reasons, plant cells have evolved a unique mode of cytokinesis. Golgi-derived vesicles are trafficked to the centre of the division plane where they fuse with one another to form a new membrane compartment, the cell plate. By targeted delivery of later-arriving vesicles to its margin, the cell plate expands laterally and eventually fuses with the parental plasma membrane. This process is orchestrated by a highly dynamic cytoskeletal array, the phragmoplast, which has no counterpart in animal or yeast cells. In addition, another plant-specific array, the transient preprophase band, marks the cortical site of cell division to which actin filaments guide the expanding cell plate. It is interesting to note that the Arabidopsis genome lacks homologues of the septin and myosin genes that encode components of the constriction machinery in yeast and animal cytokinesis.
The plant cytoskeleton consists of microtubules and actin filaments. Plant cells lack centrosomes, or spindle pole bodies, and appear to organise microtubules from small gamma-tubulin ring complexes (TuSC) at the nuclear envelope and possibly also at the plasma membrane. In contrast to animal cells, plant microtubules are essential for cell division und cell elongation whereas cell growth by delivery of membrane vesicles to the plasma membrane requires actin filaments.
Although the endomembrane system is a eukaryotic heritage, post-Golgi trafficking seems to have undergone divergent evolution between the plant and animal lineages. The details are not clear yet but plant protein localisation to specific surface areas may necessitate continuous targeted recycling from endosomes, which seems to relate to the absence of tight junctions that would separate distinct plasma-membrane domains. This feature has immediate bearing on cell polarity and communication between cells.
The plant cell wall is a polysaccharidic extracellular matrix that prevents cell movement but allows for cell surface interactions similar to the ligand/receptor interactions in animal development. The prevailing type of surface receptor in plants has an intracellular serine/threonine kinase domain whereas there are virtually no tyrosine kinase receptors or receptors with seven transmembrane domains. Although MAP kinase cascades do exist in plants there is no Ras GTPase linking the cascade to surface receptors. At the other end of the signaling cascade, protein degradation appears to play a prominent role in gene regulation, which may reflect the necessity of rapid adjustment to changing conditions. In addition to cell surface interactions, plant cells can communicate with their neighbours by protein trafficking through cytoplasmic channels named plasmodesmata. These are gatable pores that can be used for translocation of transcription factors into adjacent cells. Finally, plant cells can communicate over long distances by means of polarised transport of small signaling molecules such as auxin.
Outline of plant development
According to the traditional point of view in plant developmental biology, development is inextricably coupled to growth, which is different from the prevailing perspective in animal developmental biology. In a sense, 'growth and development' emphasises the temporal aspect of plant development whereas 'pattern formation' focuses on the spatial aspect of animal development. This distinction is not merely a semantic rift between the plant and animal developmental biology communities but also reflects different life strategies between plants and animals. Animal embryogenesis generates a miniature version of the adult organism whereas plant embryogenesis results in a seedling that bears little resemblance to the adult plant. Within the framework of the seedling body, stem-cell systems called meristems produce new organs such as leaves and flowers or extend the root during post-embryonic development (Fig. 1 ). In addition, the overall architecture of the adult plant is shaped by the activity of secondary meristems which are established throughout plant development.
Plant development is also responsive to environmental conditions, such as nutrients, light, temperature and humidity, which adjust developmental processes to seasonal changes and the vegetation period. As a consequence, plant development is punctuated by physiological transitions. For example, seed maturation, dormancy and germination separate embryogenesis from vegetative development of the free-living seedling. Likewise, flowering entails changes in the organisation of the shoot meristem, resulting in the formation of flower, instead of leaf, primordia. However, in terms of developmental mechanisms, only two distinct phases occur in plant life: embryogenesis, producing the stem-cell systems as part of the multicellular body organisation, and post-embryonic development, with selfmaintaining stem-cell systems producing new organs with reference to existing body parts. In this view, pattern formation does play a pivotal role in plant development as well although the underlying molecular mechanisms appear different from those used in animal development.
Embryogenesis: establishment of multicellular organisation
Higher plant embryogenesis generates a juvenile form, the seedling, which displays a simple body organisation of two superimposed patterns: an apical-basal pattern of distinct regions along the main axis of polarity and a radial pattern of concentric tissue layers perpendicular to that axis ( Fig. 2A) . Within this framework, the meristems of the shoot and the root occupy the opposite ends of the apical-basal axis. The seedling structures have been traced back to their origins in early embryogenesis, which was facilitated by the lack of cell movements and by the highly invariant cell division patterns in Arabidopsis early embryogenesis. There is no one-to-one relationship between early embryo regions and seedling structures, indicating that cell lineage does not play a major role in pattern formation during plant embryogenesis. For example, the root meristem is composed of two clonally distinct cell groups that originate from the apical and the basal daughter cell of the zygote, respectively. Although the highly invariant cell division patterns in Arabidopsis early embryogenesis facilitate the analysis of mutant phenotypes, their significance is not clear. Embryos of other plant species such as rice undergo rather irregular cell divisions and yet produce essentially the same body organisation of the seedling. For example, an epidermisspecific gene is expressed in cells at the surface of the embryo from very early stages although the epidermis layer becomes apparent only at later stages of rice embryogenesis (Ito et al., 2002; see below) . Mutations in the Arabidopsis FASS/TON2 gene eliminate the preprophase band, resulting gives rise, via the proembryo (proE) and the apical (A) and central (C) regions to most of the seedling: shoot meristem (SM), cotyledons (CO), hypocotyl (HY), root (R) and the upper stem-cell tier of the root meristem (RM). The basal daughter cell (bc) of the zygote contributes, via the hypophysis (h) and the basal (B) region, the remainder of the root meristem but mainly produce a short file of extra-embryonic suspensor (su) cells. The apical-basal pattern is superimposed on a radial pattern of tissue layers, including epidermis (E), ground tissue (G) and vascular tissue (V). (B) Regulation of asymmetric cell division in the ground tissue. Asymmetric divisions of the octant proembryo cells establish the outer epidermis layer that expresses AtML1 and PDF2. In the central (C) region, the inner cells give rise innermost provascular (VASC) cells, which express SHR, and ground tissue cells, which express SCR. The transcription factor SHR moves into ground tissue and activates SCR and gene X, resulting in asymmetric divisions. In pSCR < SHR plants, a positive feedback loop reiterates this process several times.
in irregular cell divisions. Although morphogenesis is severely compromised, patterning is normal in fass mutants (Torres Ruiz and Jürgens, 1994; Traas et al., 1995) . Thus, the segregation of cell fates during embryogenesis does not require organised cell divisions, which rather reflect patterning processes.
The developing embryo of Arabidopsis passes through distinct stages which have been named after the number of cells or the shape of the embryo (Jürgens and Mayer, 1994) . At the heart stage, the embryo consists of approximately 250 cells that represent primordia of seedling structures ( Fig. 2A) . The apical-basal pattern consists of the shoot meristem flanked by two cotyledon primordia, the hypocotyl, the root and the root meristem. The radial pattern is a concentric series of tissue layers which, from the periphery to the centre, consist of epidermis, ground tissue (cortex, endodermis) and vascular tissue (pericycle, conductive tissue).
Polarity and apical-basal patterning
Unlike many animal embryos, the plant embryo develops without much support from the mother. The zygote as the starting point of embryogenesis can be replaced by a somatic cell which then gives rise to a somatic embryo outside the ovule and in the absence of any maternal instructions. Somatic embryogenesis has been taken as evidence for zygotic control of embryonic pattern formation (see below). However, it has been shown for several genes that only the maternal allele is expressed in early embryogenesis (Vielle-Calzada et al., 2000) . The significance of this observation is not clear (Weijers et al., 2001) . On the other hand, several genes with specific roles in early embryogenesis are only transcribed after fertilisation.
The Arabidopsis egg cell is small, measuring only about 20 mm across. Upon fertilisation, the zygote expands about 3.5 times in the future apical-basal axis of the embryo before dividing asymmetrically (Jürgens and Mayer, 1994) . The two daughter cells differ in fate, division plane and gene expression (Fig. 2) . The smaller apical cell gives rise to most of the embryo, changes its plane of division from horizontal to vertical and expresses several genes, such as AtML1, PIN1, MP and BDL, that are not expressed in the basal daughter cell. The basal daughter divides horizontally to give off a file of 6 -8 cells of which all but the uppermost one (named hypophysis) constitute the extra-embryonic suspensor. The hypophysis adopts its embryonic fate secondarily (see below). How cell fates are segregated is not known. One possibility is unequal distribution of 'determinants' during division of the zygote, another is a differential response between the daughter cells to some external cue. In either case, the result is the juxtaposition of a proembryo cell and an extra-embryonic cell.
Mutations in two genes encoding auxin response proteins, MONOPTEROS (MP) and BODENLOS (BDL), prevent the change of division plane from horizontal to vertical in the apical daughter cell (Hamann et al., 1999 (Hamann et al., , 2002 . MONOPTEROS is a member of the auxin response factor (ARF) family of plant-specific transcription factors most of which activate auxin-responsive genes (Hardtke and Berleth, 1998; Tiwari et al., 2003) . BODENLOS is a member of the IAA family of plant-specific auxin-response inhibitors (Hamann et al., 2002; Tiwari et al., 2001 ). Auxin signaling mediates interaction of IAA proteins via their conserved degradation domain II with the F-box protein TIR1 of the E3 ubiquitin ligase complex SCF TIR1 , which results in IAA degradation by the 26S proteasome (Hellmann and Estelle, 2002) . That this mechanism operates in early embryogenesis has not been demonstrated. It is important to note that lack-of-function mutations in the MP gene and a gain-of-function (stabilising) mutation in the BDL gene, as well as the mp bdl double mutant, block the change of division plane (Hamann et al., 1999) . The same two proteins also play a role in the origin of the root meristem precursor, the hypophysis (see below).
Apical-basal polarity of the embryo becomes apparent with the establishment of the hypophysis at the basal end of the octant-stage proembryo ( Fig. 2A) . At that stage, the proembryo consists of two tiers each of four cells. The upper tier will give rise to the apical region from which the shoot meristem and most of the cotyledons develop, whereas the lower tier will give rise to the central region generating the remainder ('shoulder') of the cotyledons, the hypocotyl, the embryonic root and the upper tier of root meristem stem cells (Scheres et al., 1994) . The basally adjacent hypophysis will produce the basal region of the embryo from which the quiescent centre of root meristem and the lower tier of stem cells will originate. As with the daughter cells of the zygote, the three embryo regions (A, C and B) are distinct in terms of cell division, gene expression patterns and cell fate (see below).
The only Arabidopsis gene whose mutant phenotype suggests a role in apical-basal polarity of the embryo is the GNOM gene (Mayer et al., 1991 (Mayer et al., , 1993 . gnom embryos display variable abnormalities from the division of the zygote, they fail to form the hypophysis and show apical defects. In the extreme case, gnom seedlings are ballshaped, lacking apical-basal polarity. The GNOM protein is a brefeldin A (BFA)-sensitive GDP/GTP exchange factor for ARF-type small G-proteins (ARF-GEF), indicating a role in vesicle budding (Steinmann et al., 1999) . In addition, the putative auxin efflux carrier PIN1 fails to localise asymmetrically in provascular cells of gnom mutant embryos, and this effect can be mimicked by BFA. BFA treatment has been shown to inhibit recycling of PIN1 between some endomembrane compartment and the plasma membrane . Analysis of engineered BFA-resistant GNOM plants revealed GNOM as the BFA target required for PIN1 recycling and for polar auxin transport (Geldner et al., 2003) . Thus, some aspect of GNOM function in apical-basal polarity may be mediated by polar auxin transport.
Radial patterning and the origin of tissues
The tissue layers form a radial pattern of concentric rings around the apical-basal axis of the embryo (Fig. 2) . In Arabidopsis, the radial pattern is established successively, starting from the periphery. At the octant stage, periclinal divisions of the proembryo cells generate a outer layer of epidermis cells and a group of inner cells. The epidermis cells then divide only anticlinally, thus maintaining the layer (Fig. 2B) . The establishment of the epidermis layer is reflected in the expression pattern of two closely related homeobox genes, AtML1 and PDF2 (Abe et al., 2003) . Both genes are initially expressed in all proembryo cells up to the octant stage but subsequently only in the epidermis cells. How the genes are switched off in the inner cells of the embryo is not known. Their expression appears to be maintained in the epidermis cells throughout development, from embryogenesis to the flowering plant stage, by a positive feedback loop: AtML1 and PDF2 may form heterodimers that bind to the L1 box in the promoters of their genes (Abe et al., 2003) .
The formation of additional tissue layers is confined to the central region of the embryo (Fig. 2B) . The inner cells divide periclinally to form a layer of ground tissue and provascular cells in the centre. Epidermis, ground tissue and provascular tissue are the primary tissue types. Another round of periclinal divisions subdivides the provascular tissue into pericycle and centrally located conductive tissue cells. Finally, the ground tissue cells undergo asymmetric divisions to form an outer layer of cortex cells and an inner layer of endodermis cells. This last series of asymmetric cell divisions has been analysed in some detail.
Mutations in the SCARECROW (SCR) and SHORT ROOT (SHR) genes produce only a single layer of ground tissue . In scr mutants, the ground tissue has mixed endodermis/cortex identity whereas only cortex differentiation occurs in shr mutants. SCARECROW and SHORT ROOT encodes related transcription factors of the GRAS family. SCR is expressed in the ground tissue and, after the asymmetric division, in the endodermis. SCR expression is abolished in shr mutants, suggesting that SHR activates the SCR gene (Di Laurenzio et al., 1996) . However, SHR is not expressed in the ground tissue but in the adjacent provascular cells ( Fig. 2B ; Helariutta et al., 2000) . Recent evidence indicates that the SHR transcription factor moves into the adjacent ground tissue cells where it activates SCR (Nakajima et al., 2001) . SHR expression from the SCR promoter results in supernumerary cell divisions of the ground tissue and additional endodermis layers, suggesting that SHR can only move into the adjacent cell layer. How this controlled passage through plasmodesmata is regulated remains to be determined.
The origin of primary meristems in embryogenesis
The meristems of the root and the shoot are established as part of the overall body organisation of the embryo. In Arabidopsis, the root meristem is initiated by interaction between the proembryo and extra-embryonic cells during early embryogenesis (Fig. 3A) . These two groups of cells are derivatives of the apical and the basal daughter cell of the zygote, respectively. The current view is that an auxindependent signal from the proembryo changes the fate of the adjacent extra-embryonic cell which then becomes the founder cell (hypophysis) of the root meristem ). This view is based on genetic evidence. Mutations in the two genes required for the change of the division plane of the apical daughter cell of the zygote, MP and BDL (see above), also affect the formation of the hypophysis (Hamann et al., 1999) . Furthermore, both genes are co-expressed in the proembryo cells but not in the hypophysis (Hamann et al., 2002) . It is thus likely that transient accumulation of auxin in the proembryo cells results in the release from inhibition of the transcription factor MP. Either MP itself moves into the adjacent cell or one of its target genes may be involved in generating the signal to which the adjacent cell responds. Once committed, the hypophysis divides asymmetrically, producing a lens-shaped upper cell and a larger lower cell. The lensshaped cell expresses both MP and BDL and undergoes two rounds of vertical divisions, resulting in the four-celled quiescent centre, the organising centre of the root meristem ( Fig. 3A ; see below). Mutations in several 'hypophyseal cell group' genes, including HOBBIT (HBT) interfere with normal development of the hypophysis and its derivatives (Scheres et al., 1996; Willemsen et al., 1998) . HOBBIT encodes a protein related to the CDC27 subunit of the anaphase-promoting complex and may thus be involved in protein degradation; interestingly, an inhibitory IAA protein appears to be stabilised in hbt mutants (Blilou et al., 2002) . At the heart stage, the quiescent centre induces, by an unknown signal, the stem-cell fate of the surrounding cells, preventing their differentiation. The upper tier of stem cells are recruited from the central region of the embryo. Thus, the root meristem is established by two induction events across a clonal boundary, which highlights the importance of cell -cell communication in embryo patterning.
The shoot meristem of Arabidopsis originates from the upper tier of the octant-stage proembryo that gives rise to the apical region of the embryo (Fig. 4A) . Following the formation of the epidermis, the four inner cells start to express the homeo-box gene WUSCHEL (WUS) which later on marks the organising centre of the shoot meristem (Mayer et al., 1998; see below) . During subsequent cell divisions only the centrally located daughter cells continue to express WUS. These cells are located above the provascular cells within the central region of the embryo, suggesting that a signal emanating from the provascular cells maintains WUS expression. The nature of the signal is not known. In the globular embryo, the homeo-box gene SHOOT MERISTEMLESS (STM) is expressed in a stripe across the embryo apex (Long and Barton, 1998) . The STM gene is required to prevent cell differentiation in the shoot meristem (see below). Additional regulatory genes, such as CLAVATA 1 (CLV1) and CLV3, are expressed in the shoot meristem primordium of the heart-stage embryo (Fig. 4A) .
The embryonic shoot meristem is established concomitantly with the two cotyledon primordia. The latter originate from the periphery of the apical region which expresses several transcription factor genes, such as ANT, AS1 and FIL, involved in leaf primordium development (Fig. 4A) .
The ring-shaped expression domain is broken up into two separate domains in response to polar transport of auxin (Aida et al., 2002 ; see below). The incipient cotyledon primordia are subdivided into dorsal and ventral 'compartments' as visualised by the expression domains of transcription factor genes that play specific roles in cotyledon and leaf development (Fig. 4A) . Thus, the apical region of the embryo is essentially partitioned into a centrally located shoot meristem and two flanking cotyledon primordia.
Meristems: self-maintaining stem-cell systems
Adult plants display an enormous diversity of architectural design in both the shoot and root systems. There are, for example, bushy plants with many stems or plants with a single stem bearing a terminal flower or many flowers (inflorescence). Some plants complete the life cycle within a vegetation period whereas others live for hundreds of years. Whatever the design, the elaboration of the plant body organisation during post-embryonic development is essentially regulated by two features, the production of cells by the stem-cell systems and the positioning of organ primordia and secondary meristems.
The root system
The primary root of the seedling is transformed into a root system consisting of the growing primary root and secondary, or lateral, roots which, in turn, give rise to higher-order lateral roots. The architecture of adult root systems varies between plant species and also in response to nutrient supply. Lateral root primordia are initiated from differentiated pericycle cells within the root. In Arabidopsis, a small group of contiguous pericycle cells dedifferentiate, divide once along the root axis and then change the plane of division by 90 degrees, giving off an outer layer of cells (Malamy and Benfey, 1997) . This early phase of lateral root formation is blocked by stabilising mutations in auxin-response inhibitor genes, such as IAA28 or SLR1 (Rogg et al., 2001; Fukaki et al., 2002) , suggesting that auxin triggers lateral root initiation. Early development of the lateral root primordium appears to recapitulate radial patterning of the primary root, as indicated by the expression of tissue-specific molecular markers and by comparable defects in radial patterning mutants, such as scr or shr (see above; Malamy and Benfey, 1997; Scheres et al., 1995 Scheres et al., ,1996 . At the end of the early phase, a root meristem is formed at the tip of the lateral root primordium. This secondary root meristem is organised like the primary root meristem, and both are subject to the same genetic regulatory mechanisms. Thus, one type of stem-cell system governs root development, which essentially adds new tiers of cells to the existing root.
In Arabidopsis, the root meristem consists of two tiers of stem cells surrounding an organising centre which has been dubbed 'quiescent centre' because of its mitotic inactivity ( Fig. 3B ; Dolan et al., 1993) . The lower tier of stem cells produces daughter cells that contribute to the central root cap. The upper tier of stem cells generates new tiers of cells that extend the tissue layers of the root. The outermost ring of stem cells produces not only epidermis cells but also lateral root cap cells which flank the central root cap. The root cap shields the root meristem against mechanical damage as the root tip grows into the soil. These cells wear off and are replaced by new cell layers continuously produced by the stem cells. The root cap cells also perform the function of gravity sensing, thus determining the direction of root growth. Gravity sensing involves rapid lateral transport of auxin from the central root cap cells, which is effected by targeted recycling of the putative auxin efflux carrier PIN3 to the lateral cell surface (Friml et al., 2002) .
The quiescent centre (QC) maintains the stem-cell status of the adjacent cells by an as yet unknown signal. Upon laser ablation of a single quiescent centre cell, the bordering stem cells behave like their differentiating daughters (Fig. 3B) . For example, the daughter cell of a cortex/endodermis stem cell normally divides asymmetrically to produce an outer cortex and an inner endodermis cell, and this is precisely what the stem cell does if the adjacent QC cell is destroyed ( Van den Berg et al., 1997) . However, if the entire QC is eliminated, a new QC is formed by regeneration from the apically adjacent vascular cells (Van den Berg et al., 1995; Sabatini et al., 1999) . Quiescent centre identity requires expression of the SCR gene in the QC cells themselves (Sabatini et al., 2003) . Since SCR is also expressed in the endodermis, specification of QC cells depends on additional information. Auxin has been proposed to play this role because QC cells are positioned near the basal end of the vascular strands along which auxin is polarly transported into the root tip and because perturbation of auxin flow results in reorganisation of the root meristem (Sabatini et al., 1999 (Sabatini et al., , 2003 .
The upper tier of root tissue stem cells is arranged in concentric rings which, from the periphery to the centre, consist of epidermis/lateral root cap, cortex/endodermis, pericycle and vascular stem cells (Fig. 3B) . To what extent the stem cells are intrinsically determined to produce tissuespecific daughter cells has been addressed by laser ablation (Van den Berg et al., 1995) . If a cortex/endodermis stem cell is destroyed two adjacent pericycle stem cells divide abnormally to give off outer daughter cells that replace the ablated stem cell. As a result of this replacement, the cortex and endodermis layers each consist of nine, instead of eight, cell files. Thus, the stem cells lack tissue-specific information. In the same assay, daughter cells of cortex/ endodermis stem cells also lacked intrinsic information, suggesting that differentiated root tissues provide instructive signals that determine tissue-specific fates of cells produced by the root meristem.
The shoot system
The primary shoot meristem is the ultimate source of all shoot structures, disregarding exceptional cases in which secondary shoot meristems develop from the axils of the cotyledons. The basic organisation of shoot meristems is the same, regardless of whether they are primary or secondary, vegetative or reproductive. Arabidopsis shoot meristems are organised in layers and zones (Fig. 4B) . Cells in the two outer layers, L1 and L2, divide anticlinally, i.e. along the surface and thus maintain the integrity of the layer. The L1 layer gives rise to the epidermis, the L2 and L3 layers produce subepidermal tissues. Zones within the meristem are related to specific cell activities. The central zone (CZ) harbours the stem cells at the top and the subjacent organising centre (OC). Daughter cells given off to the sides enter a transition zone (TZ) where they proliferate and displace cells to the peripheral zone (PZ) in which lateral organ primordia are initiated at specific sites (see below). Below the OC is the rib zone (RZ) which produces daughter cells that contribute to the formation of the inner tissues of the stem.
Shoot meristems serve two functions: they produce cells for the formation of organ primordia and differentiated tissues of the stem, and at the same time, they maintain themselves by replenishing the stem-cell pool. This balance needs to be precisely regulated, otherwise the meristem would enlarge or discontinue its activity. For example, gradual overgrowth of the shoot meristem caused by mutations in CLAVATA (CLV) genes eventually results in a thousand-fold excess of cells in the short life span of Arabidopsis. A mechanism for size control of the shoot meristem has been identified by a combination of genetic and molecular studies in Arabidopsis ( Fig. 4B ; Schoof et al., 2000) . The regulatory circuitry involves three main players: the homeo-domain transcription factor WUSCHEL (WUS) expressed in the organising centre (OC), the peptide ligand CLV3 secreted from stem cells, and the CLV1 receptor serine/threonine kinase expressed in the OC and surrounding cells. WUS instructs, via an unknown signal, the overlying cells to be stem cells which then express CLV3. Secreted CLV3 binds to CLV1, activating its intracellular kinase domain. This signal is relayed via unknown intermediates to the nucleus, repressing the WUS promoter. Reduced WUS expression results in fewer stem cells, diminishing the repressive CLV3/CLV1 interaction. Increased WUS expression results in more stem cells, enhancing the repressive CLV3/CLV1 interaction. Thus, the WUS/CLV feedback loop maintains the size of the stem cell population at a given, presumably species-specific value. This mechanism accounts for the indeterminate activity of shoot meristems.
Upon induction of flowering, the shoot meristem is turned into an indeterminate inflorescence meristem which produces floral meristems, instead of leaf primordia, on its flanks. However, some plant species produce a single terminal flower. This condition is mimicked by Arabidopsis terminal flower (tfl) mutations which cause the ectopic expression of the floral meristem identity gene LEAFY (LFY) in the centre of the inflorescence meristem, thus changing its fate. Floral meristems give rise to flowers with a fixed number of organs, which requires a specific mechanism for terminating stem cell activity when all organ primordia have been initiated. In Arabidopsis, this control mechanism is superimposed on the WUS/CLV feedback loop (Lohmann et al., 2001; Lenhard et al., 2001) . The transcription factor LFY activates floral-organ homeotic genes, including AGAMOUS (AG) which determines the identity of stamens and pistil in the centre of the flower. In addition, AG is required for the determinacy of the flower, as indicated by its mutant phenotype of 'flowers within flowers'. The ag phenotype is opposite to the flower phenotype of wus which lacks the central organs. Moreover, WUS is normally switched off at stage 6 of flower development but stays on in ag flowers, indicating that AG acts as a negative regulator of WUS expression. These and other data suggest that WUS increases the level of AG expression in the centre of the floral primordium beyond a critical threshold, which results in WUS repression. As a consequence, floral stem cells are not maintained and instead contribute to the formation of central floral organ primordia.
Arabidopsis shoot meristem cells express the homeodomain transcription factor SHOOT MERISTEMLESS (STM) which maintains their proliferative state by repressing the leaf primordium-specific ASYMMETRIC LEAVES 1 (AS1) gene (Byrne et al., 2000) . Whereas stm mutant seedlings lack shoot meristem activity, stm as1 double mutants develop into flowering adult plants. In order to initiate leaf primordia within the peripheral zone (PZ), STM has to be switched off (Fig. 4C ). How this is effected is not precisely known but two factors seem to be involved: PZ cells become competent to form primordia at some apical-basal distance from the stem cells, and the hormone auxin determines a circumferential position within the zone of competence (Reinhardt et al., 2000) . The PZ cells express the AINTEGUMENTA (ANT) gene, which indicates competence to form leaf primordia, but only cells at defined positions accumulate auxin, switch off the boundary gene CUP-SHAPED COTYLEDON 2 (CUC2) and become founder cells of leaf primordia (Reinhardt et al., 2000; Vernoux et al., 2000) . A limited supply of auxin which is polarly transported into the meristem and taken up by the youngest leaf primordia would explain why new primordia are initiated away from recently formed primordia, resulting in a characteristic angle between two successive primordia (Reinhardt and Kuhlemeier, 2002) . Such a mechanism would be flexible enough to account for different spacing patterns (phyllotaxis), depending on the geometry of the shoot apex and the proliferative activity of the meristem. 6. To be or not to be a hair cell: cell fate choice in the epidermis
The epidermis of Arabidopsis differentiates specialised cell types that form tubular outgrowths (hairs). Root hairs are unbranched whereas leaf hairs (trichomes) undergo branching. Each type of hair-bearing cell represents a developmental alternative to a non-hair cell. Genetic analysis has revealed a common regulatory mechanism for cell fate choice in both leaf and root epidermis ( Fig. 5 ; Schiefelbein, 2003) .
The homeobox gene GLABRA 2 (GL2) is expressed in trichome cells of the leaf and in non-hair cells of the root. gl2 mutants do not form trichomes whereas (nearly) all root epidermis cells form root hairs, suggesting that GL2 has opposite effects on tubular outgrowth in leaf and root cells. Other features that distinguish hair-bearing cells from non-hair cells are not affected, indicating that GL2 acts after cell specification has occurred. The cell fate machinery involves two related complexes each of three interacting proteins that promote trichome cell fate in the leaf but non-hair cell fate in the root, as indicated by mutant phenotypes, expression pattern and positive regulation of GL2 gene expression (Fig. 5) . The trichome cell-promoting complex consists of the myb-domain transcription factor GLABRA 1 (GL1), the WD40-repeat protein TRANSPARENT TESTA-GLABRA (TTG) and the bHLH transcription factor GLABRA 3 (GL3). In the root non-hair cell promoting complex, GL1 is replaced by the functionally equivalent myb-domain transcription factor WEREWOLF (WER) whereas the interacting bHLH transcription factor is not known Schiefelbein, 1999, 2001) . The cell fate machinery also involves two closely related and partially redundant myb-domain proteins, CAPRICE (CPC) and TRIPTYCHON (TRY), that lack the transactivation domain and act as negative regulators of trichome and root non-hair cell fates (Schellmann et al., 2002) . CPC has a more prominent role in the root epidermis while TRY has a stronger effect in the leaf. The two genes, TRY and CPC, are expressed in trichome cells and root non-hair cells. However, try and cpc mutants affect the fate of nontrichome and root hair cells, suggesting a non-autonomous effect. Indeed, CPC protein has recently been shown to move from root non-hair to hair cells where it interacts with a bHLH protein and represses GL2 expression . By analogy, TRY may move to non-trichome cells of the developing leaf epidermis (Fig. 5) . Thus, cell fate choice in the plant epidermis resembles lateral inhibition that operates in neural versus epidermal cell fate specification in the Drosophila ectoderm, with the important difference that the latter mechanism involves cell surface interaction rather than protein movement into adjacent cells.
In the developing leaf primordium, trichome patterning appears to occur in a homogeneous cell population. This is suggested by the observation that GL1 is initially expressed at low level in all epidermal cells and subsequently strongly expressed in trichome cells. By contrast, the root epidermis appears to be pre-patterned. Starting during mid-embryogenesis, GL2 expression is confined to future non-hair cell files in a TTG and WER-dependent, but CPC-independent manner (Lin and Schiefelbein, 2001 ). However, this prepattern is labile, and epidermis cells formed by the activity of the root meristem during post-embryonic development can change their fate until the cells differentiate (Berger et al., 1998a) . The root epidermis is normally organised in approximately 20 cell files of which 8 differentiate root hairs whereas the remaining cell files lack root hairs. The root hair cells overlie cell walls between two adjacent cortex cell files, suggesting that some unknown signal from within the root tips the balance towards hair cell fate, ensuring the regular pattern of root hair cells. It is interesting to note that another specialised cell type, the guard cells of stomata, are formed in the hypocotyl in the same cell files as the hair cells in the root and underlie the same genetic regulation from embryogenesis (Berger et al., 1998b; Lin and Schiefelbein, 2001 ).
Concluding remarks
Plant development is reiterative once functional stem cell systems (meristems) have been established during embryogenesis or by a genetically similar, if not identical, patterning mechanism during post-embryonic development. Meristems regulate their size intrinsically and add new cell tiers to the existing plant body. In this regard, shoot and root meristems behave the same, suggesting that size regulation might involve a similar mechanism in both types of meristem. A distinguishing feature of shoot meristems is the formation of lateral organ primordia at their periphery. This activity requires an interplay between the shoot meristem and pre-existing primordia which is modeled on the interaction between the embryonic shoot meristem and cotyledon primordia.
As compared to mechanisms regulating meristem activity, much less is known about mechanisms segregating cell fates in embryogenesis. Although an increasing number of genes with tissue-or region-specific expression patterns have been described in the past several years, we still lack a coherent picture of how these patterns are established. In some cases, cell fates seem to segregate during asymmetric divisions but the underlying mechanism remains elusive. In other cases, cell fates are specified by unknown directional signals from adjacent cells.
Cell communication in plant development involves both ligand/receptor interactions at the cell surface and regulated movement of transcription factors into adjacent cells. In addition to these local means of communication, polar transport of the signaling molecule auxin plays a prominent role in integrating developmental processes. This polar transport is largely due to targeted recycling of the efflux machinery, which poses the problem of how cell polarity is established and maintained during development. Regardless of whether auxin is merely a trigger or rather a morphogen, further analysis of auxin distribution and response in early embryogenesis is likely to give insight into plant-specific patterning mechanisms that generate the basic body organisation, including the origin of the stemcell systems.
